I. INTRODUCTION The first particle accelerators were built roughly fifty years ago. These first machines had energies of the order of MeVs and were used to study a world that looked relatively simple. Matter was composed of four basic constituents: protons, neutrons, electrons, and neutrinos. These constituents interacted via four forces: the weak (to account for radioactivity); the electromagnetic (to account for the interaction between charges and currents); the strong (to bind the nucleus together); and the gravitational (to account for the interaction of masses at large distances.) All our attempts at understanding matter were guided by two dynamical principles -relativity and quantum mechanics.
In the intervening years, the energy of our accelerators has grown by six orders of magnitude to reach the TeV level. Our old view of what were the elementary constituents of matter has turned out to be wrong. The simple picture of four constituents became ever more complicated as machines of higher energy were built and more and more mesons and isobars of the nucleon were discovered. In the early '60s there were more than one hundred of the "elementary particles." All of this was swept away in the '60s to be replaced with the quark model, wherein the proton, the neutron, all of those mesons and other particles became composites of combinations of quarks and antiquarks.
In these last fifty years we seem to have lost one force, for our present picture is that the weak and the electromagnetic forces are but different manifestations of the same basic force.
Our theoretical colleagues are struggling (so far unsuccessfully) with models that try to combine the strong force and perhaps even gravity into a unified picture. Our dynamical principles remain the same. Relativity and quantum mechanics are still our guide and space is still thought to be continuous although some Eventually, we will want to build accelerators of much higher energy than those we talk about now, and in this paper I will do some large extrapolation to see what kind of machines those might be. It is not enough to consider energy, for it is also necessary that the intensity (luminosity) be sufficient to study the physical processes of interest. In looking at intensity issues I base my analysis on the physics that we know and some very general scaling laws. In looking at both electron and proton machines, the electron machines will turn out to be more promising and I will review the basic design principles of very high energy linear colliders. II What all of this means is that while the total cross section for a proton-proton collision is very large, the partial cross section for the interesting hard collisions is very small and depends strongly on the mass of the final state produced. The cross section for the production of some final state with a mass M plus the excited proton fragments X has an energy and mass dependence given by u(M+X)ocM2 f(E2) (1) where E* is the center of mass energy of the proton-proton system. An example of the energy and mass dependence of the cross section is given in Fig. 3 The SSC thus has a discovery limit that depends on the process studied and ranges from 0.4 TeV for new lepton pairs, to 8 TeV for jet pair formation. A crude mean for the mass reach of the SSC is about 3 TeV. However, it should be noted that because of the energy and mass dependence of the cross section for a given process (Eq. (1)), the SSC is a "discovery machine" at this TeV mass region, and is a precision machine giving very high event rates at a few hundred GeV mass.
We now have to look at the requirements for a proton machine going beyond the SSC. Suppose we want to move up a decade in mass. To move the "discovery" limit up by a factor of ten we have to increase the energy or the luminosity or both. Equation (1) shows that raising the center of mass proton-proton collision energy by a factor of ten and the luminosity by a factor of a hundred over those of the SSC moves this discovery limit up by the required factor of ten. Can one build such a machine using storage ring technology, and could one use such a machine if one could build it? I think the answer is no in both cases.
An obvious problem with the machine will be the luminosity lifetime. Particles will be lost from the circulating beams by proton-proton interactions at the collision point. This is already a significant problem at the SSC, where the luminosity lifetime for the presently favored design is about 20 hours. In our super SSC with an energy ten times higher than the SSC, we would probably get our luminosity up by a factor of a hundred by increasing the number of bunches circulating in the machine by a factor of ten, and getting the other factor of ten from the decreased size of the colliding bunches resulting from the adiabatic damping that occurs in acceleration to the higher energy. If one gets the luminosity up in this fashion and adds in the increase of the total cross section expected from the increase in the center of mass energy, the luminosity lifetime goes down by a factor of fifteen from the SSC value to roughly 1.5 hours. This is probably too short a lifetime to allow for injection and ramping up to energy in a storage ring design.
As far as the experimental detectors are concerned, the problems are probably overwhelming. We can define "discovery" limits for the electron-positron machines, too. I will set the required yield as 100 events per (10)3 cm-2 s-1 (3) where the center of mass energy E* is in units of TeV.
There are background processes in electron-positron collisions which will eventually give multiple events per beam crossing for sufficiently high luminosity. The dominant background is the so-called two photon process. However, the total cross section for this process is much smaller than the background generating cross section in proton-proton collisions and there is no problem with the two photon process until luminosities are much higher than 1035 cm-2 S-1.
C. A Quick Summary of Proton and Electron Colliders
For proton colliders:
1. The effective center of mass energy is much lower than the proton-proton center of mass energy.
2. Cross sections are proportional to M-2f (M) 3 . The SSC has an effective discovery limit of 3 TeV if its luminosity is 1033 cm-2 s-1. To go to higher energy, the energy, the luminosity or both have to be increased. 4 . If the luminosity is held fixed, the machine energy must be scaled roughly as the square of the mass limit. For electron-positron colliders: The large effective fields in the collision region can generate very intense synchrotron radiation. At high luminosity the synchrotron radiation, called "beamstrahlung", dominates the energy spread in the beams. Classically, the synchrotron radiation spectrum is a universal function of the photon energy divided by a parameter EC called the critical energy.
In this equation h is Planck's constant, c is the velocity of light, -y is the energy in rest mass units, and p is the bending radius of the particle in the field of the other beam. Classically, if the beamstrahlung photon energy is measured in units of the critical energy, the spectrum is like that shown by the heavy line in Fig. 6, rising Fig. 6 . If effect, the beamstrahlung spectrum follows the classical spectrum up to x = Eb/E, and then drops rapidly to zero. In this case, less beamstrahlung is emitted than the classical equations imply. In all of the cases, the energy delivered to the collision region per bunch of electrons or positrons is constant. As the total power in the beam increases, the invariant emittance, and hence the radius at the collision point also increases. In all of these cases the invariant emittance is considerably smaller than that of the SLC and the beam radii are tiny indeed. I emphasize again that these parameter sets are not meant to be taken as optimized sets -they are only consistent sets.
It will take much more work to arrive at an optimized set of realizable parameters and that work will probably have to include development of advanced technology to make possible working with extremely small beams.
IV. CONCLUSIONS
My conclusions are relatively simple, but represent a considerable challenge to the machine builder.
High luminosity is essential. We may in the future discover some new kind of high cross section physics, but all we know now indicates that the luminosity has to increase as the square of the center of mass energy. A reasonable luminosity to scale from for electron machines would be 1033 cm-2 s-1 at a center of mass energy of 3 TeV.
The required emittances in very high energy machines are small. It will be a real challenge to produce these small emittances and to maintain them during acceleration. The small emittances probably make acceleration by laser techniques easier, if such techniques will be practical at all.
The beam spot sizes are very small indeed. It will be a challenge to design beam transport systems with the necessary freedom from aberration required for these small spot sizes. It would of course help if the beta functions at the collision points could be reduced.
Beam power will be large -to paraphrase the old saying, "power is money" -and efficient acceleration systems will be required.
